Since many people with chronic fatigue present with pain and many people with chronic pain present with fatigue, we tested if fatigue would enhance the response to pain in male and female mice. We further tested for the activation of brainstem nuclei by the fatigue task using c-fos as a marker. Fatigue was induced by having mice spontaneously run in running wheel for 2 h. Carrageenan (0.03%) was injected into the gastrocnemius muscle either 2 h before or 2 h after the fatigue task. The mechanical sensitivity of the paw (von Frey filaments), muscle (tweezers), grip force and running wheel activity was assessed before and 24 h after injection of carrageenan. Both male and female mice that performed the fatigue task, either before or after intramuscular injection of carrageenan, showed an enhanced mechanical sensitivity of the paw, but not the muscle. Ovariectomized mice showed a similar response to male mice. There was a decrease in running wheel activity after carrageenan injection, but no change in grip force suggesting that mice had no deficit in motor performance induced by the carrageenan. C-fos expression was observed in the nucleus raphe pallidus, obscurus, and magnus after the fatigue task suggesting an increased activity in the raphe nuclei in response to the fatigue task. Therefore, widespread hyperalgesia is enhanced by the fatigue response but not hyperalgesia at the site of insult. We suggest that this effect is sex-dependent and involves mechanisms in the brainstem to result in an enhanced hyperalgesia. Ó
Introduction
Fatigue is associated with a number of clinical diseases, which include symptoms of chronic pain conditions such as fibromyalgia (FM), rheumatoid arthritis and osteoarthritis [2, 7, 21, 25, 26, 42, 49, 52, 53, 58] . Conversely, patients with chronic fatigue syndrome (CFS) report a significant amount of musculoskeletal pain that interferes with activities of daily living [26] . Patients with arthritis, CFS or FM exhibit an enhanced fatiguing response to exercise [15, 37] as well as muscle weakness and decreased endurance [19, 20, 23, 50] . Further, these conditions have a female predominance. Together these data suggest potential interactions between fatigue and pain that are sex-dependent.
In chronic pain conditions, fatigue is generally described as a whole body feeling of muscle fatigue and loss of energy. Fatigue is experimentally defined as a temporary decrease in muscle force in response to exercise [11] . Davis and Bailey [6] define fatigue as 'an acute impairment of exercise performance that includes both an increase in the perceived effort necessary to exert a desired force and the eventual inability to produce that force". They further propose that central fatigue is a type of fatigue associated with alterations in central nervous system function that cannot be explained by dysfunction in the muscle itself. For people with chronic conditions such as arthritis, FM, or CFS, this definition describes the fatigue they experience.
Our laboratory recently demonstrated that exercise-induced whole-body fatigue results in an enhanced nociceptive response of the paw (i.e. secondary hyperalgesia) to repeated intramuscular injections of acidic saline [57] . Furthermore, there are no changes in peripheral markers of fatigue in the muscle: histology, pH, lactate, phosphate, and creatinine kinase [57] . These data suggest that, central, rather than peripheral, mechanisms underlie the enhanced pain response to fatigue.
Interestingly, caudal raphe nuclei, nucleus reticularis obscurus (NRO)/nucleus reticularis pallidus (NRP), mediate not only motor responses but can also play a role in modulating nociceptive stimuli [18] . An enhancement of the tail flick reflex, i.e. facilitation, occurs after low intensity electrical stimulation or low doses of glutamate in the NRO/NRP, as well as the nucleus raphe magnus (NRM) [60] . Neurons in the NRO/NRP show an increase in c-fos expression and are excited by noxious stimuli [5, 30] , and additionally are excited by motor activity, i.e. treadmill running [48] . Thus, we propose that since the NRO/NRP responds to both motor activity and to noxious stimuli that the interaction between fatigue and pain occurs in these nuclei.
We therefore, hypothesized that changes in the central nervous system account for the enhanced nociceptive responsiveness to fatigue-conditioning stimuli; and that the fatigue task will activate neurons in the NRO/NRP and possibly the NRM. We 
